The differentiation of myoblasts to form functional muscle fi bers is a consequence of interactions between the mesoderm and ectoderm. The authors examine the role of segment identity in directing these interactions by studying the role of Hox genes in patterning adult muscles in Drosophila . Using the ' four-winged fl y ' to remove Ultrabithorax function in the developing adult, the authors alter the identity of the ectoderm of the third thoracic segment towards the second and show that this is suffi cient to inductively alter most properties of the mesoderm -myoblast number, molecular diversity, and migration pattern -to that of the second thoracic segment. Not all aspects of myogenesis are determined by the segment identity of the ectoderm. The autonomous identity of the mesoderm is important for choosing muscle founder cells in the correct segmental pattern. The authors show this by removal of the function of Antennapedia , the Hox gene expressed in the mesoderm of the third thoracic segment. This results in the transformation of founder cells to a second-thoracic pattern. The authors also report a role for the nervous system in later aspects of muscle morphogenesis by specifi cally altering Ultrabithorax gene expression in motor neurons. Thus, ectoderm and mesoderm segment identities collaborate to direct muscle differentiation by affecting distinct aspects of the process.
INTRODUCTION
Myogenesis in the fruitfl y, Drosophila melanogaster , is illustrative of how the fi nal morphogenesis of a tissue is the cumulative effect of ' canalization ' (Waddington & Robertson, 1966) during development (Rochlin et al., 2009; Dutta & VijayRaghavan, 2006; Roy & VijayRaghavan, 1999) . In making the adult thoracic musculature, mesodermal cells are set aside in a segment-specifi c pattern in the embryo as progenitors of adult muscle . Later, adult myoblasts in the second thoracic segment associate with the progenitors of the dorsal or ventral thoracic epidermis, the wing and leg imaginal discs (Lawrence, 1982) . Wing disc myoblasts are further divided to contribute to the formation of the direct and indirect fl ight muscles (Lawrence, 1982; Ghazi et al., 2000) . Next, during metamorphosis, myoblasts migrate to specifi c epidermal sites where founder myoblasts are chosen to seed the formation of muscle fi bers (Fernandes et al., 1991; Dutta et al., 2004) . Developmentalgenetics approaches have been used to demonstrate how this progressive narrowing of cellular options can be seen as a consequence of a combination of inductive signals and cell-autonomous, lineage-dependent decisions (Fernandes et al, 1994; .
These sequential decisions can be visualized as the localized expression, and requirement, of genes during development. Thus, for example, all adult myoblasts express Twist (Twi) . All wing disc -associated myoblasts express Cut (Ct), but those that will contribute to the indirect fl ight muscles also express Vestigial (Vg) (Sudarsan et al., 2001 ) and, later on, Erect wing (Ewg) (DeSimone et al., 1995) . Those that contribute to the direct fl ight muscles express Apterous (Ghazi et al., 2000) . Vg expression is maintained by Wingless signaling from the epidermis (Sudarsan et al., 2001 ). The number of fi bers and their location is determined by the choice of dumbfounded -expressing founder cells, special myoblasts chosen from amongst their neighbors (Dutta et al., 2004) , whereas fusion-competent myoblasts, expressing cell-surface molecules encoded by genes such as sticks and stones (Bour et al., 2004) , are attracted to founder cells to fuse and form a multinucleate fi ber. Differentiating fi bers search and attach to stripe -expressing epidermal attachment sites and are innervated by motor neurons in a pattern recognizable and characteristic of each muscle Fernandes & VijayRaghavan, 1993) .
The pattern of muscles can vary dramatically between segments and here too the indirect fl ight muscles (IFMs) are illustrative. IFMs are composed of two types of muscles -the dorsolongitudinal muscles (DLMs) and the dorsoventral muscles (DVMs) (Fernandes et al., 1991) . How is the thorax-specifi c pattern of IFMs generated? What are the relative roles of the ectoderm and mesoderm in generating this pattern? The fi rst studies that addressed the above questions did so by examining the phenotype of muscles in the adult using polarized-light microscopy (Egger et al., 1990) . Subsequently, the use of antibodies and reporter genes, which labeled myoblasts and differentiating muscles, allowed analysis during embryonic and pupal development Roy & VijayRaghvan, 1997; Fernandes et al., 1994) .
The results from these studies have been summarized in a review on adult Drosophila myogenesis (Dutta & VijayRaghavan, 2006) . Briefl y, the Hox identity of the dorsal mesothoracic mesoderm is characterized by the absence of expression of the genes of the Antennapedia ( Antp ) and bithorax complexes . This is an obligate requirement, and the misexpression of Hox genes abolishes the pattern of IFMs . The segment identity of the wing disc ectoderm -itself not expressing any Hox gene -dictates the proliferation, spatial distribution pattern on the disc, and migration of myoblasts. Yet, although all these aspects are transformed from a T3 to a T2 pattern in the four-winged fl y (generated by combinations of Ultrabithorax alleles) (Fernandes et al., 1994) , the transformed T3 has essentially no indirect fl ight muscles (Fernandes et al., 1994; Egger et al., 1990; Ferrus & Kankel, 1981) . The likely explanation for this is that segment-specifi c muscle differentiation requires the action of both inductive signals and autonomous cues. These autonomous cues, it has been inferred, could well be the segment identity of founder cells (Roy & VijayRaghvan, 1997) .
The more recent availability of additional markers of IFM development, namely the proteins Vg and Ct (which impart specifi c identity to subsets of myoblasts) (Sudarsan et al., 2001 ) and the reporter lacZ line dumbfounded ( duf )-lacZ (which labels adult muscle founder cells) (Dutta et al., 2004 , and their functional characterization allows the above inference to be directly tested. Specifi cally, we examined the expression of these markers in the mesoderm of the homeotically transformed T3 in four-winged mutants. We examined the expression of Vg and Ct in previously analyzed allelic combinations of mutation in the bithorax complex that give the four-winged phenotype (Fernandes et al., 1994) and, additionally, in new combinations that show a greater expressivity of the phenotype. We also examined the expression pattern of the muscle founder cell marker duf-lacZ in these genetic contexts. Results from these studies were consistent with our hypothesis: all aspects of the mesoderm, except the founder cell pattern for the IFMs, were transformed in the four-winged fl y. The hypothesis -that founder cell segmental identity is specifi ed autonomously -predicts that the removal of Antp function in the T3 mesoderm of the four-winged fl y should lead to a T2 founder pattern. We show that this indeed is the case. With the selection of T2 founders in T3, and all properties of T3 myoblasts already transformed to a T2 pattern, the additional prediction would be that this would lead also to the development and differentiation, in T3, of muscles that resemble the IFMs. This too is the case. We know that inductive signal(s) are important for the selection of founder cells . Our studies therefore make the point that the autonomous segment identity of myoblasts is critical for the correct segment-specifi c response to such inductive signals. Once muscles are patterned by the choice of founder cells, morphogenesis begins and requires interactions with the environment: with tendon cells and the nervous system for example. We examined the role of Hox gene requirement in the nervous system on muscle morphogenesis, by reducing Ubx expression in the motor neurons of T3 and by misexpression of Ubx in the motor neurons of T2. Our results point to an important role for the nervous system in the later aspects of muscle morphogenesis and maintenance.
MATERIALS AND METHODS

Fly Strains
Given below are the genotypes of the three types of fourwinged fl ies used in this study. (Lewis, 1978) . In(3L)P (Inversion(3L)Payne) is an inversion whose breakpoints include 63B8 -9 and 72E1 -2. Although the triple-mutant combination shows a 100% penetrance, the expressivity of the phenotype is not quite complete, presumably because the regulatory regions affected by each mutation are not completely inactivated. 
Ubx
61D is a weak mutation in the Ubx coding region (Lewis, 1980) . In quad/triple mutant combination, Ubx is inactivated to a greater extent than triple All homeotic stocks, carrying the different allelic combinations, were maintained over TM6, Hu , Tb balancer. Four-winged mutants were generated by crossing the appropriate stocks and selecting non-Tb pupae. dumbfounded ( duf) -lacZ , an enhancer trap line having a Pelement nuclear-localizing lacZ inserted within the promoter region of duf (Ruiz-Gomez et al., 2000; Nose et al., 1998) , was crossed into the background of the Hox mutant stocks using standard genetic techniques. Four-winged mutants were generated such that they contained at least one copy of the duf-lacZ transgene.
The ' motor neuron ' GAL4 strain OK371-GAL4 (Mahr & Aberle, 2006) was used to drive expression from the UAS-Ubx-RNAi transgene or the UAS-Ubx transgene. OK371-GAL4 is a P-element insertion in the vesicular glutamate transporter locus and is expressed in adult motor neuron precursors and in mature motor neurons in addition to other glutamatergic neurons (Mahr and Aberle, 2006; Brierley et al., 2009 ). The P103.3-GAL4 (Consoulas et al., 2002 ) is expressed in the MN5 motor neuron, which innervates the dorsal longitudinal muscles and was used to misexpress Ubx in this motor neuron. The consequences on muscles of the T3 leg or the IFMs were examined in polarized light preparations as described below.
Tissue Preparation
White prepupae were collected on moist fi lter paper in a Petri dish and grown at 25 ° C for the requisite interval. Pupal tissues and imaginal discs were prepared for immunohistochemistry (described previously in Fernandes et al., 1991) and were mounted in 70% glycerol, for X-galstained preparations, or in Vectashield mounting medium (Vector Labs, Burlingame, CA), for fl uorescence-labeled preparations. Adult thoracic preparations were prepared by anesthetizing the fl ies (or taking out the pharate adults from pupal cases), sticking one at a time on a slide using a drop of 70% glycerol and then freezing in liquid nitrogen. They were then cut sagitally along the center, dehydrated through an ethanol series, mounted in Canada balsam, and viewed under polarized light.
Immunohistochemistry
Mouse monoclonal anti-Antp antibody, a gift from Danny Brower (University of Arizona, Tucson, USA), was used at a dilution of 1:200. Monoclonal antibodies anti-Cut and 22C10 (both obtained from Developmental Studies Hybridoma Bank) were used at a dilution of 1:50. Rabbit antiVg antibody, a gift from Sean Carroll (University of Wisconsin, Madison, USA), was used at a dilution of 1:200. Rabbit anti-myosin heavy chain (MHC) antibody, a gift from Dan Kiehart (Duke University, Durham, USA), was used at a dilution of 1: 500. Rabbit anti-β -galactosidase antibody (Molecular Probes, Eugene, OR) was used at a dilution of 1:5000. Rabbit anti-Twist antibody, gifted by Siegfried Roth (University of Cologne, Cologne, Germany), was used at a dilution of 1:5000. For assaying β -galactosidase activity of duf-lacZ in different mutants, dissected pupae were stained overnight with chromogenic substrate X-gal (Sigma, St. Louis, Missouri, USA). Secondary antibodies conjugated to Alexa Fluor dyes (Molecular Probes) were used at a dilution of 1:200 -Alexa 488 for green labeling and Alexa 568 for red labeling.
Microscopy
Differential interference contrast (DIC) and fl uorescent images of pupal preparations and polarized images of hemithoracic preparations were taken using a Nikon Eclipse E1000 microscope. Fluorescent preparations of imaginal discs were scanned in the confocal microscope (MRC-1024; Bio-Rad Laboratories, Hercules, California, USA) and images were analyzed using the software Metamorph (version 4.5) (Universal Imaging).
RESULTS
Vestigial and Cut Expression in T3 Myoblasts Is Transformed to a T2 Pattern in Triple-Mutant Larva
Vestigial (Vg) and Cut (Ct) expression divide wing discassociated myoblasts into groups that adopt two different fates during pupal myogenesis -one group expresses Vg and Ct (at low levels) whereas the other group expresses Ct (at higher levels) but not Vg (Sudarsan et al., 2001 ) ( Figure 1A -C). The IFMs develop from the Vg-Ctexpressing subgroup of myoblasts (Sudarsan et al., 2001 ). The haltere disc -associated myoblasts of the adjacent T3 segment also express Vg and Ct ( Figure 1D -F). However, unlike the wing disc -associated myoblasts, Vg and Ct are expressed at comparable levels in all haltere discassociated myoblasts.
In triple-mutant four-winged fl ies, which are homozygous for three mutant alleles of the Ultrabithorax gene (genotype given in Materials and Methods), the T3 ectoderm is transformed to a T2 identity (Lewis, 1978) . But the myoblasts associated with the homeotically transformed T3 (HT3) discs maintain their T3 identity and continue to express Antp (which is expressed in wild-type Haltere disc of a wild-type third instar larva stained with Ct ( F ) and Vg ( G ). Merged image is shown in H . In this preparation, haltere disc is attached to a T3 leg disc. The white dotted curve demarcates the leg disc from the haltere disc. In comparison to the wing disc, haltere disc has fewer myoblasts. These myoblasts are located in two distinct clusters (yellow arrows) -a smaller cluster present at the proximal region and a larger cluster present in the distal region. All myoblasts express both Ct and Vg. Yellow arrowheads indicate the myoblasts that are associated with the leg disc. T3 myoblasts) . Despite the presence of Antp, these myoblasts are transformed to a T2 pattern with respect to their number, spatial distribution, and migration pattern (Fernandes et al., 1994; . We examined whether Vg and Ct expression patterns are also transformed in HT3 myoblasts of triple mutants. Figure 1J and K show Ct and Vg expressions, respectively, in HT3 myoblasts of triple-mutant larvae. The expression patterns of the two proteins were found to be identical to that observed in wild-type T2 myoblasts (as shown in Figure 1B and C). This shows that generation of molecular diversity, imparted by Vg and Ct proteins, is not dependent on the homeotic address of the myoblasts and is governed entirely by the segmental identity of the ectoderm. 
Founders for the IFMs Are Absent in HT3 of Triple-Mutant Pupae
A founder cell seeds the formation of a muscle fi ber, and an appropriate number of such founders generate multifi ber adult muscles at the correct position (Dutta et al., 2004 . Thus, for DVMs, a set of three, two, and two duf-lacZ -expressing cells, corresponding to DVM I, II, and III, respectively, are selected at the correct location relative to the epidermis. Figure 2B and F show the duf-lacZ -expressing founder cells of DVM I (long white arrows) and DVM II (short white arrows). The DLMs, in contrast to the DVMs (and most other adult muscles), develop by a ' template-dependent ' mechanism: a set of larval muscle fi bers or ' templates ' escape histolysis at the onset of metamorphosis and serve as scaffolds for DLM fi ber formation (Fernandes et al., 1991) . The larval templates have all the characteristics of founders for the DLMs (Farrell et al., 1996; Dutta et al., 2004) . They also express the founder marker duf-lacZ (shown by asterisks in Figure 2B ) (Dutta et al., 2004) . The DVM founders and the larval templates, collectively, will henceforth be referred to as IFM founders.
We examined the expression of duf-lacZ in the T3 of wild-type pupa. A cluster of ∼ 14 duf-lacZexpressing myoblasts are observed in T3 ( spatial pattern of the duf-lacZ founder cells in T3 is distinctly different from those in T2. T3 founders are present in a position more ventrally that those of the DVMs in T3. Also, no founder cells are present in the dorsal region of T3.
We next examined whether founder cells for IFMs are present in HT3 of triple-mutant pupae. We did not detect ectopic DLM templates or DVM founders in triple-mutant HT3 (number of pupae scored ϭ 80) (Figure 3) . Correspondingly, we also did not observe any ectopic IFMs in the HT3 thorax of adult triple-mutant fl ies (number of fl ies screened ϭ 100) (data not shown; also reported in Fernandes et al., 1994; Egger et al., 1990; Ferrus & Kankel; . Thus, the two events critical for generating the fi bers for IFMs -selection of DVM founders and the persistence of larval templates -fail to occur in HT3 of triple mutants, suggesting that this could be the cause of absence of IFMs in the transformed T3 segment.
IFM Founders Are Absent in HT3 Segment of Quadruple/Triple Mutants
It is possible that the combination of the three regulatory Ubx mutations in triple-mutant fl ies is not effective for a complete transformation of T3 ectoderm towards a T2 identity. If selection of founder cells in a segment is governed entirely by its ectodermal identity, then a more extreme inactivation of Ubx than that occurs in the triple mutant might lead to selection of founders in HT3. For a stronger ectodermal transformation, we generated fourwinged fl ies having an additional Ubx mutation ( Ubx 61d ) in the triple-mutant background. These fl ies, referred to as quadruple/triple or quad/triple (genotype given in Materials and Methods), had a higher expressivity of the fourwinged phenotype than in triple-mutant fl ies. Like the triple mutants, pupae of the quad/triple genotype did not show the presence of any DVM founders or larval templates in their HT3 segment (data not shown) (number of pupae scored ϭ 70). Adult fl ies of quad/triple genotype did not have ectopic IFMs in the HT3 (number of fl ies screened ϭ 100) (data not shown).
IFM Founders Are Present in HT3 of Antp-Triple Mutant Flies
As mentioned earlier, although the transformation of T3 ectoderm to a T2 identity takes place in the triple mutants, all myoblasts of HT3 retain their T3 identity, as seen by their expression of Antp . This is also the case in the quad/triple-mutant combination (data not shown). We hypothesized that the absence of IFM founders in the HT3 of the triple and quad/triple mutants is due to the mesoderm retaining a T3 identity as seen by the expression of Antp in HT3 myoblasts. If this is true, then, removing Antp completely or decreasing its level considerably should allow IFM founders to be selected in HT3. To reduce Antp levels in HT3, we introduced hypomorphic mutations of Antp in the triple-mutant background using standard recombination procedure. The four-winged fl ies, generated by these mutants, were referred to as Antptriple mutants.
To confi rm decreased levels of Antp in HT3 of Antptriple mutants, we immunostained HT3 discs of triple-mutant 
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and Antp-triple mutant larvae with anti-Antp and anti-Vg (to mark the myoblasts) (Figure 4) . Compared to the triple mutant ( Figure 4B ), HT3 myoblasts of the Antp-triple mutants ( Figure 4D ) showed considerable decrease in levels of Antp. A decrease in Antp levels should not affect the Vg-Ct allocation of the myoblasts, since this property is governed entirely by ectodermal identity. As expected, Vg-Ct expression pattern in HT3 myoblasts of both of these mutants were found to be identical to the T2 pattern (data not shown). In addition to the strong expression of Antp in HT3 myoblasts of triple-mutant larvae, Antp expression was also observed in the HT3 ectoderm of triple mutants ( Figure 4B ). This ectodermal expression was not observed in the HT3 of Antp-triple mutants ( Figure 4D ). The absence of ectodermal Antp did not produce any phenotypic changes in the HT3 ectoderm of the Antp-triple mutant pharate adults (data not shown).
We examined the expression of duf-lacZ in Antp-triple mutant pupae. We observe larval muscles that have escaped histolysis and are present at a location corresponding to DLM templates, in the HT3 of these pupae. Figure 5B shows a 12 h APF (after puparium formation) pupa having three template-like fi bers in its HT3. Some pupae had two, instead of three, template-like fi bers in their HT3. We also observed clusters of three and two duf-lacZ -expressing cells in HT3, at positions analogous to that occupied by founders of DVM I and DVM II, respectively, in wild-type T2. Figure 5C shows two duf-lacZ -expressing cells of HT3 (white asterisks) at a position similar to that occupied by DVM II founders in T2. Based on the observations that the number of founders in a cluster matches with that for wild-type DVMs and that in wild-type T3 no duf-lacZ --expressing cells are present in equivalent positions ( Figure  2B, D) , we would like to suggest that these cells are the ectopic founder cells for DVMs. A total number of 50 Antp-triple mutant pupae were dissected and examined for expression of DLM and DVM founder cell markers in HT3. Ten animals showed ectopic founders, of which fi ve showed both larval templates and DVM founders, three showed only larval templates, and two showed only DVM founders. Staining with anti-MHC antibody at a developmentally later stage (32 h APF) of Antp-triple mutant pupae revealed the developing muscle fi bers in their HT3. Figure 5D shows a pupal preparation that has DVM II fi bers (white asterisks) and four DLM fi bers (yellow asterisks) in its HT3 whereas Figure 5E shows a preparation that does not have any ectopic IFMs in HT3. Antp-triple mutant fl ies do not eclose from the pupal case. Pharate adults were scored for the presence of transformed IFMs (Figure 6 ). Fifteen out of 80 hemithoraces of Antp-triple mutant pharate adults showed IFMs in the HT3 ( Figure  6F ). When viewed under polarized light, these fi bers did not show transverse striations, a morphological property manifested by tubular muscles but not fi brillar muscles like the IFMs (data not shown).
A Role for the Nervous System in Muscle Morphogenesis, Revealed by Altering Ubx Expression in Motor Neurons
As has been shown in several studies on the role of Hox genes in myogenesis (Fernandes et al., 1994; Sudarsan et al., 2001 ) and in this study, inductive interactions between the ectoderm and mesoderm play an important role in regulating gene expression in adult myoblast populations. As muscle differentiation proceeds, the developing fi ber interacts with the motor neurons, which innervate it. To examine what role the Hox identity of a motor neuron may have on its target muscles, we used the motor neuron GAL4 transgene, OK371-GAL4, to drive expression from a UAS-UbxRNAi transgene. Because Ubx is expressed in the T3 ectoderm, we examined the consequences on the muscles of this segment. Striking external deformities are seen in the legs of the T3 segment (Figure 7) . Examination of the leg segments using polarized light show a reduced number of muscles in the femur (compare Figure  7B with 7A). The tibia in these animals shows a morphological deformity (compare Figure 7D with 7C) , most probably arising as a result of a defect in musculature. Controls using en-GAL4 to drive the expression of UAS-UbxRNAi gave expected phenotypes, transforming posterior haltere structures towards wing (data not shown). Again, when vg-GAL4 was used as a driver, haltere transformations to wing were seen. In a third control, when UAS-Ubx-RNAi is driven with elav-GAL4, sensory structures in the haltere are transformed towards wing. In all three cases no structures anterior to T2 are transformed. These results show that the Ubx-RNAi phenotypes are not artifacts.
A striking feature of Hox genes is the transformation of anterior structures to more posterior ones upon ectopic expression of ' posterior ' -expressed genes. Thus, when Ubx is expressed in the T2 ectoderm, these structures are transformed towards T3 (Casares et al., 1996) . In the light of our RNAi results, which suggest a requirement of Ubx in motor neurons in T3 for muscle development in that segment, we would expect that misexpression of Ubx in T2 motor neurons would result in an effect on T2 muscles development.
Using the OK371-GAL4 and the P103.3-GAL4 drivers, we next examined the effects of misexpressing Ubx in T2 motor neurons. Here too, striking effects are seen on the fl ight muscles of the dorsal thorax in lethal pharate pupae. With the OK371-GAL4 driver, almost no DLMs were present ( Figure 7F) , and with the P103.3-GAL4 driver, which marks motor neurons that innervate the DLMs, only three of the six DLMs were present in each hemisegment ( Figure 7G compare to 7E).
We next examined the developmental provenance of these phenotypes. One possibility is that early events in myogenesis require the correct juxtaposition between the identities of nerve and muscle. If this were so, then an examination of fl ight muscle development upon Ubx misexpression in motor neurons may show an early phenotype. Indeed, this is the case (Figure 8) . As early as 16 h APF, when the splitting of the three larval templates to mature into the six DLMs are nearly complete in the wild-type ( Figure 8A ), experimental animals with misexpression of Ubx in the motor neurons show poor organization of the templates ( Figure  8J ). At 24 h APF, when the six DLM muscle fi bers are well formed in the control animals ( Figure 8D ), the muscles of experimental animals are grossly disorganized ( Figure 8M ). Twist-expressing myoblasts swarm around these poorly Figure 8 . Misexpression of Ubx in T2 motor neurons results in early developmental defects in DLMs. Three key DLM developmental landmarks are represented. mAb 22C10 staining is shown in green. 22C10 labels the microtubule-associated protein Futsch, and marks adult muscle founder cells (Dutta et al., 2004) and neurons (Hummel et al., 2000) . The top row is at 16 h APF. At this stage, in the wildtype (A), the three larval templates (* in A) act as founders for the DLMs. Twist-expressing myoblasts (B, labeled in red) swarm over the templates, as can be seen in the merged picture (C). These myoblasts will fuse with the templates, which will then split (D, 24 h APF) to form the six DLMs (* in D). At this stage, Twist-expressing myoblasts continue to surround the developing DLMs (E) and they are well organized around the developing fi bers, as can be seen in the merged panel (F) . By 30 h APF, the DLMs have matured (* in G). Twist expression is not seen any more (H and I). In contrast to the wild-type, Ubx misexpression in motor neurons using the OK371-Gal4 driver results in early developmental defects in DLM development. At 16 h APF (J), the templates are not oriented correctly as compared to the wild-type (A). In addition, Twist-expressing myoblasts, although present in large numbers at this stage (K), are not as well organized at this stage as compared with the wild-type (compare K with B). L, a merged picture of J and K, also brings out the poor 22C10 staining, suggestive of poor microtubule organization in the templates at this early stage when Ubx is misexpressed in motor neurons. As expected from the early defects, such animals at later stages (24 h APF) show severe defects in DLM development. In contrast to the wild-type (D, E, F), mutant animals (M, N, O) show no signifi cant fi ber development (M), but Twist-expressing myoblasts (N and O) continue to envelop the region. At 30 h APF, misexpressed animals do not form DLM fi bers (P), and myoblasts are still present in large numbers in the region and continue to express Twist (Q and R). This is in contrast to the wild-type where DLM fi bers have formed (G) and Twist expression is no longer seen (H, I). Scale bar ϭ 50 μm.
developed muscles in an apparently random manner ( Figure 8N ), as opposed to the very well-organized arrangement seen in the wild-type ( Figure 8E) . Finally, at 30 h APF, when Twist expression has died down in control animals ( Figure 8H ) and the muscles are well organized ( Figure 8G , I), animals with Ubx misexpression show persistent Twist expression ( Figure 8Q ). These myoblasts overlie the region where they would normally fuse to form fi bers.
DISCUSSION
The formation of muscles is regulated by autonomous properties of the muscle-forming cells and also by inductive cues from the neighboring tissues -the epidermis and the innervating neurons (Buckingham & Vincent, 2009; Wigmore & Evans, 2002; Ochi & Westerfi eld, 2007; Rochlin et al., 2009 ). Myogenic cells integrate inductive cues with their own intrinsic properties to form a segment-specifi c muscle pattern. The homeotic identities of inductive tissues, in addition to the autonomous homeotic identity of the muscle-forming cells, therefore, become crucial determinants of muscle pattern. We have used the IFMs in Drosophila as a model system to understand the relative roles of autonomous versus nonautonomous properties of Hox genes in governing muscle pattern.
Previous studies from our laboratory showed that several properties of the myoblasts, namely their spatial location on the disc and proliferation and migration patterns, were determined exclusively by the ectoderm (Fernandes et al., 1994; . This was primarily deduced from studies with the triple-mutant four-winged mutants where a transformation in the Hox identity of the ectoderm, but not in the mesoderm, of T3 resulted in transformation of the aforesaid properties of the myoblasts to a T2 pattern. But these transformations were not suffi cient to generate ectopic IFMs in HT3. The most probable explanation for this observation is that there are specifi c event(s) that require the correct Hox identity of the muscle-forming cells. Recent identifi cation of two events critical for IFM formation -the segregation of IFM myoblasts into a Vg-and Ct-expressing subgroup and the function of founder cells in ' seeding ' each myotube -allowed us to readdress this question. We set out to see if either or both of these events are disrupted in the triple mutants. Sudarsan et al. (2001) have shown that IFM-forming myoblasts are segregated into a Vg-Ct -expressing subgroup. The maintenance of the expression of Vg in this group is shown to require Wingless signaling from the epidermis. It is possible, however, that the myoblasts are responsive to the Wg signal only if they have the correct homeotic address. If that is true, then myoblasts in the HT3 disc of triple-mutant larvae should not have a T2-like Vg-Ct pattern. We fi nd that Vg-Ct expression in the myoblasts of HT3 disc of triple-mutant larvae was identical to that observed in wild-type T2. This showed that Vg-Ct expression profi le is guided entirely by ectodermal cues and rules out Vg-Ct segregation as a cause for failure of IFM formation in triple-mutant fl ies.
Examination of the founder cells in the HT3 segment of triple-mutant pupae revealed signifi cant results. We found that duf-lacZ -expressing founder cells for the DVMs were not observed in the HT3 of triple mutants. Larval templates -the ' founder analogues ' of DLMswere also not observed in HT3 of the triple mutants. This would mean that even though the myoblasts were present in HT3 with the correct molecular identity in terms of Vg and Ct expression, they do not have the scaffolds to fuse to. Similar results, i.e., absence of founder cells, were observed in the HT3 of quad/triple-mutant fl ies, which have stronger ectodermal transformation than the triple mutants. However, decreasing the levels of Antp in the HT3 myoblasts of the triple mutant resulted in a signifi cant number of pupae with DVM founders and larval templates in the transformed segment. The pharate adults of these mutants exhibited ectopic IFMs in their HT3 segment, indicating that the ectopic founders were capable of generating fi bers and directing the myogenic process to completion. Although a more conclusive experiment for transforming the mesoderm would have been a complete removal of Antp exclusively from the mesoderm, our results suggest that Hox identity of the mesoderm is important for selection of IFM founders. Further support for this conclusion came from GAL4-UAS studies, where misexpression of Antp (or Ubx) in the T2 myoblasts (which normally do not express any Hox gene) abolished founder selection (D.D. and K.V.R., unpublished observations).
Although the absence of transformed IFMs in bithoraxcomplex mutants have been reported in several previous studies (Ferrus & Kankel, 1981; Egger et al., 1990; Schneiderman 1993; Fernandes et al., 1994) and confi rmed by our experiments, a study by Rivlin et al. (2001) have reported the presence of IFM-like fi bers in the transformed T3 segment of individual Ubx alleles and different allelic combinations of Ubx (examined as hemizygotes over the defi ciency Df(3R)P2). Their conclusion, that ectodermal cues are suffi cient to generate the fi nal IFM pattern, needs to be addressed in the context of our results. The fusion capability of the myoblasts is not dependent on their Hox identity . In case of the DLMs, the myoblasts can fuse to form fi bers in the absence of larval templates (Farrell et al., 1996) . It is possible therefore that ectodermal transformation of T3, achieved by mutant combinations in Rivlin et al., (2001) has infl uenced myoblasts to ' bypass ' the founder-mediated mechanism and fuse with each other to form myotubes. Another possibility is that the muscles observed in their study are formed by late, ectopically chosen founders. This would suggest that the muscles seen are ectopic events and not IFMs. Even if this were the case, it is indeed puzzling that the authors see muscles in a situation where they, earlier (Egger et al, 1990 , Schneiderman, 1993 , and others including us (Ferrus & Kankel, 1981; Fernandes et al., 1994 ; present study) have not been able to see. With the identification of founder cells and IFM markers, one can hope to resolve the reasons for the differences observed.
It remains to be seen the extent to which the dependence of founder cell selection on autonomous Hox identity is applicable for other sets of adult muscles. Interesting deviations are observed for the direct fl ight muscles (DFMs) and tergal depressor of the trochanter (jump muscle) present in the mesothorax. The formation of these muscles seems to be guided entirely by ectodermal signals. In triple-mutant and quad/triple-mutant fl ies, DFMs and jump muscles are present in the transformed segment (Fernandes et al., 1994; Schneiderman et al., 1993) . Whether these ectopic muscles possess the wild-type molecular characteristics has not been examined. Expression of duf-lacZ in wildtype mature DFMs and jump muscles (D.D. and K.V.R., unpublished observations) conforms to their development via a founder-dependent mechanism. It would be interesting to see whether these ectopic DFMs and jump muscles develop by a founder-mediated mechanism.
Our results on the consequences on muscle of downregulating or misexpressing Ubx in motor neurons demonstrates a new preparation for studying the role of the nervous system in myogenesis. Studies in mouse have demonstrated the requirements of motor inputs for muscle maintenance, an interaction whose underlying mechanism is poorly understood (Finol et al., 1981) . Motor neuron function has also been shown to infl uence the isoform choice of contractile protein gene expression (Harris et al., 1989) . Here too, the mechanistic basis of these infl uences of the nerve on muscle is not well understood. A genetically tractable system where the role of the nervous system in muscle development and maintenance can be studied is therefore valuable. A preparation where this question can be addressed effectively is the muscle of Lawrence (MOL) in the 5th abdominal segment of the male adult fl y (Gailey et al., 1991) . The sex-specifi c and segment-specifi c presence of this muscle is dictated by the nervous system (Gailey et al., 1991) . We now show, by using motor neuron drivers and RNAi tools, that motor neurons could have wide roles in muscle morphogenesis or maintenance. Several tantalizing and new features emerge from the results of Ubx-RNAi and Ubx-ectopic expression in motor neurons. The loss-of function experiments suggest an important role of the nervous system in muscle development. Because the T3 muscles are poorly investigated developmentally as compared to the fl ight muscles, the misexpression study is valuable in corroborating a role for the nervous system in myogenesis. The early developmental defects suggest that interactions between developing motor neurons and their targets could have an important role in fi ber maturation.
Although experiments with the male-specifi c abdominal muscle in A5 had shown a role for the nervous system in muscle development, other experiments in the embryo that showed that muscle development took place independent of innervation (Broadie & Bate, 1993) suggested that the adult ' muscle of Lawrence ' role of the nervous system may have been an exception. Here we show that down-regulation of Ubx, using a motor neuron GAL4 driver, leads to striking defects in the musculature of the T3 legs. The domain of function of Ubx in the ectoderm is from T3 posterior and, therefore, the T3 effect is consistent with this. Similarly, misexpression of Ubx in T2 motor neurons also results in strong early developmental effects on the IFMs.
Our results point to a more general role for the nervous system in muscle patterning. What could be the mechanistic underpinning of this interaction? Although the possibilities range from effects on muscle-fi ber gene expression (Harris et al., 1989) to myoblast proliferation, as has been suggested from ablation experiments (Fernandes & Keshishian, 2005) , these remain speculative. However, our genetic preparation allows the dissection of these interactions.
Our present results, taken together with results of earlier studies (Greig & Akam, 1993; Fernandes et al., 1994; , give a picture of how concerted activity of Hox genes during different aspects of indirect fl ight myogenesis makes the outcome of that process segment specifi c. Like many other molecular functions that have been shown to be conserved between vertebrates and lower animals, we suggest that much of what has been gathered from experiments on the functions of homeotic genes in diverse aspects of myogenesis in Drosophila will refl ect the manner in which vertebrate Hox genes would function during pattern formation in the somatic mesoderm of vertebrates.
